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Transparent metal oxide films are widely utilized as transparent 
electrodes in optoelectronic devices and considerable attention has been 
devoted by researchers to improve the material performance of these 
films while achieving a thinner and more flexible film at a lower cost. 
Antimony doped tin dioxide films synthesized from nanoparticles has 
been deemed to possess the potential to satisfy these requirements but 
currently known variations in methods of synthesis and doping continues 
to fall short of substituting for the industrial standard of tin doped indium 
oxide. This work essentially proposes and proves that the novel approach 
of using organic molecules to functionalize antimony doped tin dioxide 
nanoparticle surface will serve to lift the performance of transparent films. 
Our simulations show that antimony is capable of acting as an effective 
electron donor which serves to facilitate the molecular adsorption of 
oxygen and the mixed adsorption of water. Two separate modes of 
modification were studied and the first involved the interaction between 
dichloroacetylene and hydroxyl groups on a hydroxylated surface. The 
triply bonded carbons of dichloroacetylene were found to act as an 
effective linker to strengthen the cohesiveness between nanoparticles 
while simultaneously acting as a pathway for electrons to flow between 
vi 
 
neighboring particles. In the absence of a hydroxylated surface, butadiene 
was found capable of interacting strongly with the surface and cross-
linking neighboring nanoparticles via a photochemically allowed [2+2] 
cycloaddition reaction. In addition, butadiene passivates the surface and 
reduces the chances of unwanted nanoparticle agglomeration and allow 
for films to be manufactured only when the appropriate radiation is 
introduced. Such cross-linking serves to bring nanoparticles closer and 
enhances the electrical conductivity of films while simultaneously impart 
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Chapter 1: Introduction 
Transparent conducting films are extensively utilized as transparent 
electrodes in optoelectronic devices such as touch panels, flat panel 
displays and solar panels [1]. These films have to be transparent because 
passive displays like liquid crystal displays (LCD) do not emit light itself 
and requires a backlight module which projects visuals through these 
electrode films. As such, they are usually incorporated with the touch 
panel module within an electronic device where a functional layer is 
sandwiched between two such transparent electrodes.  
 
These transparent conducting films can be made of metal oxides or 
conducting polymers. Conducting polymers have undergone tremendous 
development over the years. Typical examples would include polyaniline 
and polyethylene-di-oxythiophene (PEDT) [2, 3]. They are relatively cheap, 
light weight and more flexible than metal oxide films. However, their 
organic nature has generally led to concerns over their lifespan and 
material stability[4]. Therefore, metal oxides such as tin doped indium 
oxide (ITO) are the current material of choice for the electronics industry 
because it possesses excellent electrical conductivity and optical 




1.1: Antimony doped tin dioxide (ATO) 
 Despite having these advantages, research has been conducted 
intensively for many years to search for a substitute to ITO. This is because 
indium is very rare [5] and this rarity has resulted in indium being very 
expensive. Among the doped metal oxides considered, the cheaper 
antimony doped tin dioxide (ATO) has been long deemed as potentially 
capable of achieving comparable performance with the more expensive 
tin doped indium oxide. Antimony doped tin dioxide offers comparable 
performance where the transmittance values are generally reported to be 
above eighty percent [6-8] and the resistivity around 7.9 x 10-4 Ωcm [9-11].  
 
Antimony doped tin dioxide films are traditionally manufactured 
using methods such as magnetron sputtering, chemical vapor deposition 
(CVD) or spray pyrolysis. The metal oxide material is deposited as a thin 
layer on a substrate and the layer is intentionally kept thin to maximize 
transmittance. The substrate used may be either made of glass or an 
organic polymer. Increasing demands for portable consumer electronics 
has continually pushed for the lighter and more flexible polymers to be 
adopted as the preferred substrate over glass. However, the fact that 
traditional film processing methods require a post-treatment heating 
process has hindered their adoption. The film is typically exposed to 
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elevated temperatures in the region of a few hundred degrees Celsius for 
a couple of hours. Under these conditions, polymer substrates with a 
much lower glass transition temperature of 75˚C [12] will degenerate 
rapidly. 
 
As a consequence, the prerequisite to the widespread adoption of 
polymers as the substrate is to keep heating to a minimum during the 
annealing process. The challenge is to improve the quality of films 
manufactured such that the annealing process is no longer necessary. 
Current methods to improve film performance generally involve varying 
methods of synthesis and the doping levels of antimony in tin dioxide. 
However, the results have continued to fall short of expectations without 
the annealing process and novel strategies must be explored if a 
breakthrough is to be achieved. 
 
The challenge is to improve the quality of films made by antimony 
doped tin dioxide nanoparticles, so that the annealing process may be 
kept to a minimum. The advantages of working with nanoparticles include 
greater control over film thickness and stoichiometry however the mere 
deposition of nanoparticles without any post-treatment would mean that 
gaps can be found between nanoparticles. These inter-particle gaps 
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negatively impact both electrical conductivity and mechanical strength as 
inter-particle binding strength is reduced, and electrons have to travel 
across a significant distance to reach neighboring particles. We believe 
these gaps can be bridged by chemical agents that can bind to and link 
up neighboring nanoparticles. The benefits would include increased 
cohesive strength and reduce inter-particle distances. Such a method 
would involve the surface functionalization of nanoparticles.    
 
1.2: Introduction to surface modification 
Surface functionalization of semiconductor nanoparticles is an 
increasingly important area in the development of new semiconductor 
based materials. The direct attachment of molecules can tailor the 
electrophysical and surface chemical properties associated with the 
semiconductor. As a result, these molecules can impart new functionalities 
to the semiconductor such as molecular recognition or passivity. 
Incorporation of these molecules into semiconductors essentially 
combines the desired properties of organic and inorganic materials. The 
additional functionality brought about by functionalization can be very 
useful in expanding the range of applications for semiconductor materials 
and lead to further technological development in optoelectronics devices, 
microelectronic computing devices and the patterning of semiconductor 
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materials.  The benefits of creating hybrid organic/semiconductor 
materials offers increased flexibility in creating materials with tunable 
surface properties by changing the functional groups associated with the 
molecule.  
 
Considerable attention was given to both the selection of surface 
modification agents and the metal oxide system. The modification agent 
has to be carefully selected based on the inherent properties of the 
molecule as well as the reactivity with the surface. Fundamental 
understanding of the metal oxide system is thus necessary when selecting 
modification agents and designing appropriate modification strategies.  
 
For tin dioxide alone, the large number of possible dopants and 
multiple surface orientations has served to complicate the selection 
process. In this instance, antimony doped tin dioxide was selected over 
fluorine doped tin dioxide despite fluorine being a slightly more effective 
dopant. This is because fluorine was reported by Esteves and co-workers 
to segregate on the surface of fluorine doped fin oxide powders [13] and 
the presence of negatively charged anions on nanoparticles will have 
significant implications on surface modifications as well as electrical 
conductivity. A surface segregated with negatively charged ions can 
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hinder electron hopping from nanoparticle to nanoparticle, which may 
result in reduced electric conductivity. The electronegativity of fluorine 
may also withdraw electrons from critical surface active sites and increase 
the difficulty of surface modifications. .  
 
1.3: Surface Modification and crosslinking 
Computational simulations using density functional theory (DFT) 
were used to study the viability of the surface reactions and the potential 
electrical and mechanical improvements. Depending on whether the 
surface is hydroxylated or clean, different surface modification strategies 
have to be adopted. The challenge here is to identify surface modification 
agents with compatible geometry and reactivity. The surface oxygen 
atoms were found to be selective for certain unsaturated molecules. The 
reaction is not indiscriminate as preliminary studies found reactions with 
closer triply bonded carbons from acetylene to be unfavorable. 
Fortunately, strong binding with the surface was found for both 
dichloroacetylene and cis-butadiene.  
 
Surface modification using these molecules may serve to passivate 
the nanoparticle surface prior to film production, bring nanoparticles 
closer to reduce the inter-particle gaps and offer greater uniformity in the 
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arrangement of nanoparticles. For dichloroacetylene, the chlorine 
functional groups is used to react with the hydroxyl groups on a 
prehydroxylated antimony doped tin oxide nanoparticle surface and the 
resultant triply bonded carbon linker between them acts a bridge for 
electrons to flow. This linker offers increased electrical conductivity by 
improving the ease of electron transfer since electrons are now 
considered to move in an intra-particle mechanism as opposed to an 
inter-particle mechanism. For the cis-butadiene molecule, the conjugated 
carbons adsorb onto the surface active sites made up of under-
coordinated surface oxygen atoms. The resultant surface can be further 
cured under UV radiation and take advantage of Woodward-Hoffman’s 
rules to link two nanoparticles via a [2+2] cycloaddition reaction. Linked 
nanoparticles are expected to be more uniformly arranged when 
deposited, possess increased mechanical strength, flexibility and electrical 








1.4: Advantages of nanoparticle functionalization 
With the surface modification strategies proposed, we believe that 
the cross-linking of nanoparticles to form a stable transparent conducting 
oxide film can be achieved with little heating once deposited onto a 
polymer substrate. The additional mechanical strength provided by the 
modification to the film, combined with the flexibility of polymer 
substrates makes a roll to roll film making process. While the 
nanoparticles and the appropriate functionalization have to be 
manufactured via a batch production process in a reactor, the film can be 
manufactured using a much more efficient roll to roll process. We envision 
the film making process to start by producing nanoparticles in a reactor 
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before being transported and sprayed onto a polymer substrate on a belt 
system before undergoing some post-processing and rolled up. 
 
 
Figure 2: Schematic representation of a roll to roll film production process 
 
 
This thesis focus on the organic functionalization of Sb doped SnO2 
nanoparticle surfaces to improve the mechanical and electrical properties 
of transparent conducting films made from these nanoparticles. The 
organic modifications are envisioned to be performed by either wet 
chemistry methods or vacuum based methods. In Chapter 1, we provide a 
brief introduction to transparent conducting oxides films and their 
alternatives while highlighting their associated challenges and advantages. 
The materials making up inorganic transparent conducting oxides will be 
discussed and the advantages of Sb doped SnO2 will be highlighted. 
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Chapter 2 briefly discusses the currently available computational methods 
while providing a qualitative comparison between them. Among which, 
density functional theory (DFT) will be discussed and highlighted to be an 
excellent compromise between accuracy and costs. The models that were 
used in this thesis as well as the individual computational details 
associated with each model will be discussed and validation performed. 
The validation of models is of significant importance as this study intends 
for the models and methods to maintain a high degree of relevance and 
draw credibility conclusions from the results. Chapter 3 highlights the 
improvement in electrical properties with the introduction of Sb dopant 
into antimony. We discuss the importance of a critical doping level where 
electrical conductivity improves with increased doping up to a certain 
point. As it is computationally intensive to study all the possible surface 
orientations of a Sb doped SnO2 nanoparticle, we leverage on available 
literature to select the orientation believed to be the most dominant and 
justify the preferred doping site of the Sb dopant on the nanoparticle 
surface. Chapter 4 encompasses the use of both molecular oxygen and 
water to probe the Sb doped SnO2 nanoparticle surface in order to gain 
valuable insights that will facilitate the development of novel surface 
modification strategies. And Chapter 5 and 6 will detail the interactions 
between dichloroacetylene and cis-butadiene with the nanoparticle 
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surface as well as cover the mechanical and electronic improvements that 
they offer to flexible transparent conducting films.  
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Chapter 2: Theoretical methodology 
 Computational simulations are important techniques that are 
utilized in various areas of science, and are not limited to engineering 
science, biological science, physics and chemistry. These techniques grow 
increasingly prominent because they are highly accurate and relative 
cheap when used to simulate and predict the outcomes of an experiment. 
In addition, the rapid improvements in the processing power of modern 
computers have enabled chemical systems to be simulated much more 
quickly than before. Such simulations are used to calculate the structure 
and properties of various systems and are conducted in conjunction with 
experiments that involve characterization and synthesis. The highly 
accurate results provide detailed and meaningful understand to the 
studies conducted up to the atomic level. Examples of data obtainable 
would include the expected coordinates of constituent atoms in three 
dimensions, spectroscopic diagrams, dipoles, electronic structures and the 
associated energies.  
  
 Many methods and models have been developed over the years to 
improve the efficiency and accuracy of simulations. And they can be 
differentiated into two broad categories, namely the molecular mechanical 
model and the quantum mechanical model. The molecular mechanical 
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model is fundamentally based upon the laws of Newtonian mechanics to 
facilitate the prediction of stable structures and their associated 
properties.  However, it is essential an empirical method that neglects the 
effects of electrons and is therefore not recommended for the simulation 
of chemical reactions or treat complex systems where electronic effects 
are often critical.  
 On the other hand, quantum mechanical methods take the 
electronic effects into account and treat a collection of atoms as nuclei 
and electrons. Information about a system is obtained solving the 
Schrödinger equation, 
        
where    is the Hamiltonian operator for a particular system,   is the 
wavefunction and E is the energy associated with the system.   
 
2.1: Available methods and approximations 
 There are different quantum mechanical methods and each differs 
in the exact nature of various approximations. As a result, they offer 
various levels of accuracy and efficiency.  Ab-initio models, density 
functional theory models and semi-empirical models are subsets of the 
quantum mechanical method. Semi-empirical methods incorporate 
parameters derived from experiments into the calculation and this reduces 
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the resource demands on computers. This enables the semi-empirical 
method to be used for large systems without being overly costly. 
However, its application is limited for systems where the necessary 
parameters have been well developed. Therefore, complex systems that 
have not been thoroughly studied would not be applicable. 
 
 Ab initio methods leverages on the fundamental laws of quantum 
mechanics to solve the Schrödinger equation and unlike semi-empirical 
methods, it does not include experimental data. It provides highly 
accurate predictions for a large variety of complex systems that have yet 
to be thoroughly studied. However, this wave function based method 
suffers the drawback of being computationally demanding and expensive. 
Density functional theory (DFT) models involve calculations that rely on 
the Hohenberg-Kohn theorem which expresses the total energy of a 
system in total electron density instead of a single wavefunction. This 
difference as compared to the ab initio method, essentially leads to a 
reduction in the computational resources required while remaining highly 
accurate.  
 
 In solving the Schrödinger equation, the wavefunction   provides 
us with information on the energy and structural properties of the system 
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studied. However, the systems commonly studied tend to involve more 
than one atom and solving the associated Schrödinger equation is not 
trivial. It requires some assumptions to be made since it cannot be 
explicitly solved for multi-electron systems and this leads to 
approximations. An example would be the well-known Born-Oppenheimer 
approximation where the nuclei are assumed to be static and the 
electrons moving. This approximation is valid since electrons have a much 
smaller mass that that of nuclei and thus move much faster than the 
nuclei. Thereafter, electron distribution within a system is based on the 
nuclei coordinates and allows for the kinetic energy term of the nuclei in 
   to be omitted while the term representing inter-nuclei repulsion 
becomes a constant. This leads to significant simplification of the 
calculation and the resultant total energy calculated with the 
incorporation of the Born-Oppenheimer approximation is the sum of 
electronic energy and inter-nuclear repulsion energy.   
 
 Even with the inclusion of the Born-Oppenheimer approximation, 
solving the Schrödinger equation a many body system remains very much 
a challenge. As such, the variation method and the perturbation theory 
are utilized to determine the wave function. The variation method involves 
the selection of an initial wavefunction and the energy of this initial wave 
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function is expected to change with the variation of one or more 
parameters.  By varying these parameters, effort is made to lower the 
energy and this energy minimization process is expected to lead to a wave 
function that is close to the true wave function. The perturbation theory is 
generally viewed as complementary to the variation principle. It aims to 
simplify the calculations of a complex system by treating the system as a 
simple one, before introducing gradual changes or perturbations that will 
lead to a proper representation of a complex system.  
 
2.2: Density functional theory (DFT) 
 Density functional theory based upon the Hohenberg-Kohn 
theorem[16] and the Kohn-Sham scheme[17] essentially considers a many 
body system as single body system and this framework makes it possible 
to avoid having to deal with wave function right at the start. According to 
the Hohenberg-Kohn theorem, the external local potential of a system 
with many electrons can be represented as a functional of the ground 
state density (   unique to the system. To illustrate the Hohenberg-Kohn 
theorem, we revisit quantum mechanical theory.  A general expression of 
a N-electron Hamiltonian operator Ĥ is as follows:   
   =   +    +   ext 
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where    ,    and   ext represents the electronic kinetic energy operator, the 
electron-electron interaction operator and the local static external 
potential.   And if the ground state wave function is represented by  , the 
ground state energy can be expressed as the following:  
    E0 =                
    =                           
                          
 The kinetic energy T and electron-electron interaction energy U are 
noticeably independent of potential. Kohn and Sham scheme further 
simplified the problem by introducing the Kohn-Sham orbitals and 
wavefunction  ks. The expression of energy is thus changed to:  
    Eks =                          
 The simplification involves treating the system as a non-interacting 
system while preserving the electron density. We note that the operators 
are now expressed differently: 
                            
where     is the kinetic energy operator of the non-interacting system and 
    is the effective external potential or the Kohn-Sham potential.  
 
 The effective external potential     is defined as:  
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where    is the classic coulomb energy between electrons and     is the 
exchange-correlation energy. And the electron density   for a system with 
N electrons is determined from the Kohn-Sham orbitals,    as expressed 
as:  
            
 
   
2 
 As a result, the many body system is simply treated as a single 
body. Although calculations are made simpler and less expensive, Kohn- 
Sham equations does not guarantee a completely accurate result. The lack 
of understanding the exchange correlation functional    means that this 
functional has to be guessed and this is usually achieved using DFT 
methods such as local density approximation (LDA) or generalized 
gradient approximation (GGA). The exchange-correlation functional is 
assumed to vary with spatial coordinates in the LDA method, where the 
each special coordinate is associated with electron density. The GGA 
method tries to improve upon the LDA method by considering the 
gradients of electron density together with the electron density at each 
spatial coordinate when determining the exchange-correlation functional.  
 
2.3: Computational method 
Density Functional Theory (DFT)[17] calculations under the 
generalized gradient approximation (GGA) were performed using the 
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Perdew-Burke-Ernzerhof (PBE) [18, 19] exchange relation-correlation 
functional as implemented in the Vienna Ab initio Simulation Package 
(VASP) [20, 21]. The projector augmented wave method (PAW) [22, 23] 
was used to describe the core electrons of atoms and the plane wave 
basis set [23, 24] represented the valence orbitals. Electronic energies 
were calculated with the self-consistent field (SCF) tolerance of 10-5 eV and 
the structural optimizations were performed until the total energy of the 
system was converged to less than 10-4 eV. Spin polarization was included 
for all calculations performed unless specified otherwise. The charge 
distribution was analyzed using the Bader scheme [25]. 
 
The modeling of adsorption was achieved by placing a pre-
optimized molecule of interest approximately 1.6 to 2.0 Å  above the 
multi-layered (100) surface unit cell with periodic boundary conditions 
imposed. The adsorbate molecule was pre-optimized in a 10Å  x 10Å  x 10Å  
supercell. All atoms including the adsorbate molecules were allowed to 
relax in all three directions. The molecular adsorption energy is calculated 
as:  
   Eads = Esurf+molecule – Esurf - Emolecule , (1) 
where Esurf+molecule is the energy of the surface with one adsorbed 
molecular oxygen, Esurf is the energy of the surface system studied, and 
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Emolecule is the energy of the molecule of interest. A negative adsorption 
energy indicates a favorable adsorption.  
 
2.4: Bulk phase model 
In order to achieve complete understanding of the nanoparticles, 
two separate models consisting of the bulk phase model and the surface 
model were created to represent both the pure and Sb doped SnO2. The 
surface model provides detailed information regarding surface and 
molecule at the atomic level while the bulk phase model gives us insight 
to the electronic properties of the material. Pure SnO2 nanoparticles had 
been experimentally determined to be of the tetragonal rutile phase using 
XRD [26-28]. The interior of the SnO2 nanoparticle was thereby modeled 
as bulk phase of SnO2 and a computational model of tetragonal rutile 
crystal structure with each Sn4+ ion is surrounded by six O2- ions in a 
tetrahedron conformation was adopted to model for the interior of the 
nanoparticle. The tetragonal supercell model consists of 16 Sn and 32 O 
atoms with periodic boundary conditions imposed. All the atoms and cell 
parameters of the supercell are fully optimized. The Brillouin zone 
integration was sampled using the Monkhorst and Pack scheme[29] with 






Figure 3: (a) Unit cell of pure SnO2 bulk phase with periodic boundary 
conditions imposed on the left and (b) multiple unit cells illustrating 
periodic boundary conditions on the right. Sn atoms are denoted in grey, 
oxygen atoms in red.  
  
 To obtain a model for the bulk phase of Sb doped SnO2, one tin 
atom was replaced by antimony to give us a model consisting of 15 Sn, 32 
O and 1 Sb atom with periodic boundary conditions. The substitution of 
one out of sixteen metal atoms gives us a bulk phase model with 6.25 
mole percent doping. The direct substitution of antimony for tin at 6.25 
mole percent doping is justified because it has been experimentally 
determined using x-ray diffraction (XRD) to directly substitute for Sn in the 
lattice even with the doping level well over 10% [30, 31]. And with the 
substitution of antimony for tin, the bulk phase model represents an 




Figure 4: (a) Unit cell of Sb doped SnO2 bulk phase with periodic boundary 
conditions imposed. Sn atoms are denoted in grey, oxygen atoms in red 
and antimony atom in purple.  
 
2.5: Validation of method 
The computational method was tested by calculating the 
parameters of the bulk SnO2 structure. The optimized lattice constants of 
a = 4.83 Å , c = 3.24 Å  were found to be in excellent agreement with 
experimentally and theoretically obtained values [32, 33].  The calculated 
cohesive energy of was found to be -15.85 eV which is in reasonable 
agreement to the reported value of -16.17 eV [33]. 
 
2.6: Surface Model 
 In this thesis, we consider our nanoparticles to be spherical in 
nature and sufficiently large at approximately 20-30nm in diameter. 
Spherical nanoparticles can be associated with many different orientations 
and it is too computationally expensive to study all the possible facets so 
the most commonly observed orientation was selected to represent the 
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nanoparticle surface. Stroppa et. al [34] used a combination of high 
resolution transmission electron microscopy (HRTEM) and CRYSTAL06 
program package to determine that the surface energy of the (100) 
orientation is the lowest among the low index Sb doped SnO2 surface 
orientations when the doping level is under fourteen percent. As a result, 
ATO nanoparticles are expected to be predominantly associated with the 
(100) plane to minimize surface energy and our surface model adopts the 
(100) orientation to represent the ATO nanoparticle surface. 
  
 The (100) surface was described using a flat slab model with 
periodic boundary conditions imposed on the unit cell. The choice of a flat 
surface model is justified by the fact the molecular absorption is not 
expected to be significantly altered for large nanoparticles of 20-50nm 
[35]. This is because the relatively large particle diameters of 20-50nm 
give rise to relatively small nanoparticle surface curvatures compared to 
the size of the molecular species that we intend to study. 
  
 The (100) surface slab is obtained from the bulk crystal structure of 
SnO2 by cleaving atoms layer by layer to obtained the desired termination 
while maintaining the stoichiometry of SnO2. The (100) orientation is 
unique such that the stoichiometry can only be maintained when both 
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sides of the slab are the same. Even with this constrain, it is possible to 
generate surface slabs with several different type of terminations. 
However, the oxygen terminated (100) surface has been reported to be 
the most stable [36, 37] and therefore we model the (100) surface based 
on these information using Accelrys' Material Studio software package.   
  
 In our surface models, we maintain at least five stoichiometric 
layers while keeping the bottommost layer fixed. The bottommost layer is 
fixed to simulate the bulk phase of a nanoparticle and the layers 
extending upwards represent surface layers. Five stoichiometric layers is 
sufficiently thick to obtain reasonable results because no change in 
surface energy was reported when the number of layers of the slab is two 















Chapter 3: Introduction of antimony 
 
 The introduction of the dopant Antimony into SnO2 has been 
widely reported to result in improved electrical conductivity [38, 39].  This 
has been widely attributed to Sb serving as a n-type dopant in SnO2 and 
increasing the charge carrier concentration [9] of the material. Sb has 
been experimentally determined using x-ray diffraction (XRD) to directly 
substitute for Sn in the lattice even with the doping level well over 10% 
[30, 31]. However, the doping of Sb into SnO2 is nontrivial as Sb has two 
stable oxidation states, namely Sb3+ and Sb5+. Experimental findings from 
x-ray absorption near edge structure (XANES) [40] measurements has 
revealed a tendency for both to coexist at any one time. Sb5+ acts as an 
electron donor relative to Sn4+ in SnO2, and Sb
3+ acts as an electron trap. 
As a result, the challenge in achieving high conductivity is to achieve a 
significantly higher proportion of Sb5+ than Sb3+ in Sb-doped SnO2 (ATO) 
[41]. This is complicated by the fact that Sb3+ tends to dominate with 
increasing doping level[42]. From the literature review conducted, the 
doping percentage has been found [43] to influence the ratio of Sb5+ to 
Sb3+ and the doping percentage between 5-10% [30] has been generally 
reported to be effective in achieving high electrical conductivity. As a 
result, the bulk phase model representing ATO as shown in figure 5 
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adopts a doping level of 6.25% with the direct substitution of Sn for Sb, 
thereby representing an electrically conductive ATO material.  
 
Figure 5: (a) front and (b) side view of ATO bulk phase model with periodic 
boundary conditions imposed. The intersection of two grey and red lines 
represents Zn and O atom respectively. For clarity, the Sb atom and the 
surrounding O atoms are highlighted as purple and red balls respectively.  
 
3.1: Properties of bulk phase ATO 
 Following the geometrical optimization of the ATO system, the 
lattice constants a and c of the optimized unit cell were found to be 4.794 
Å  and 3.235 Å  respectively. They were appreciably smaller than that of the 
pure SnO2 as was shown earlier. This phenomenon has been reported [44] 
in literature and the decrease in unit cell volume has been attributed to 
the presence of Sb5+. The effective ionic radii of Sn4+, Sb3+ and Sb5+ has 
been found [45] to be 69pm, 76pm and 60pm. Therefore, the substitution 
of Sb5+ for Sn4+ leads to a reduction of the lattice constants and the 
substitution of Sb3+ for Sn4+ increases the lattice constants. This indicates 
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that Sb5+ predominates in the bulk phase at the doping rate of 6.25% and 
this result is thus in excellent agreement with experimental findings.  
  
 The bond lengths of the six Sb-O bonds were measured and the 
average was found to be 2.03Å . This average value is shorter than the 
average Sn-O bond length of 2.09Å  as measured for pure SnO2. This 
indicates that the interaction between Sb and O in ATO is stronger than 
that of Sn and O in pure SnO2. Stronger ionic interactions are to be 
expected between O and the Sb since Sb has higher oxidation state than 
Sn. These stronger interactions were surprisingly found to sufficiently 
compensate for the disturbance that was caused by the introduction of 
Sb5+ whose ionic radius is almost 20pm smaller than Sn4+.  The average 
cohesive energy between metal and oxygen bonds were found to 
decrease by a mere 0.02eV after doping. This suggests that a doping rate 
of 6.25% increased the electrical conductivity while maintaining good 




Figure 6: Density of States of (a) pure SnO2 (b) Sb-doped SnO2 bulk phase 
  
 The calculated density of states (DOS) for the bulk phase of pure 
SnO2 is displayed in figure 2(a). The energies are measured relative to the 
Fermi level and individual contribution from each element and orbital is 
displayed by individual curves. The O 2s states form a band around -17 eV 
to -19 eV. The energy levels in this band are considerably low and are 
therefore expected to have little interaction with other valance bands. The 
more prominent valence band ranges from 0 eV to -8 eV and the valence 
states are mainly derived from the Sn 5s, Sn 5p, Sn 4d and O 2p orbitals. 
Correspondingly, the conduction bands are mostly contributed by Sn 5s, 
Sn 5p and O 2p orbitals. The calculated band gap of pure SnO2 is 
noticeably smaller than the experimental band gap of 3.6eV [46] and that 
is attributed to the limitations of DFT[47]. While the valence band and 
conduction band for pure SnO2 and ATO are mainly contributed by the 
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same orbitals, the Fermi level was observed to shift towards the 
conduction band with the introduction of Sb.   
 
 
Figure 7: Density of States of Sb doped SnO2 with Projected Density of 
States highlighting contribution of Sb around the Fermi level.  
 
 This apparent Fermi level shift is characteristic of n-doping because 
the delocalized electrons from the n-type dopant such as Sb populate the 
lower level states. The total and projected density of states (PDOS) for 
ATO bulk phase near the Fermi level region are shown in figure 7. The 
density of states agree with our earlier findings and provides further 
evidence that the electron donor Sb5+ predominates over the electron 
trap Sb3+ at 6.25% doping since we see contribution from Sb 5s and Sb 5p 
orbitals in the conduction band. In fact, SnO2 is expected to demonstrate 
a significant improvement after doping with Sb because the conduction 
band is associated with significant contributions from both Sn and O. This 
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indicates that the energy levels of Sn and O orbitals in the conduction 
band are very compatible and additional electrons from dopants are 
expected to travel throughout the material effectively.  
 
3.2: Preferred doping site of antimony 
 The main focus of this study is to propose novel surface 
modification strategies to improve the uniformity of film formed from 
nanoparticles and the electrical conductivity. And to facilitate these 
surface modifications, in-depth understanding of the ATO nanoparticle 
surface is imperative.  While the preferred orientation of ATO nanoparticle 
surface has been established earlier to be (100), the preferred doping site 
of Sb has yet to be determined in our surface model. As explained in 
chapter 2, we determine the preferred surface doping site of Sb by 
systematically substituting a surface Sn atom for each of the topmost five 
layers.  Periodic boundary conditions were imposed on the surface unit 
cell. The total energy of the geometrically optimized surface was 
compared and the configuration associated with the most negative value 
was considered to be the most thermodynamically stable and therefore 






Surface doping site (layer) Relative Energy# (eV) 
Topmost - 
2nd from top 0.20 
3rd from top 0.21 
4th from top 0.19 
5th from top 0.32 
Table 1: Energy of system corresponding to surface doping site. #Energy is 
relative to antimony at topmost site  
 
 
 From the calculations as seen in table 1, Sb doping on the topmost 
surface site was found to be the most stable and increasingly unstable 
when doped into the inner layers of the surface. This suggests that there is 
a trend for Sb to be preferentially located on the surface as opposed to 
the bulk. The results agree very well with experimental findings where Sb 
has been widely reported to segregate on the surface of nanoparticles [15, 
43, 48] and films [42, 49-51]. 
 
 The preference for Sb to be located on the nanoparticle surface has 
huge implications for surface modifications as surface dopants are 
expected to play a more influential role with regards to surface and 
adsorbate interactions. This is particularly true for ATO nanoparticles 
because the segregation of Sb on the surface is coupled with the large 




It is worth pointing out that the location of the dopants is 
dependent upon a myriad of variables involving preparation methods and 
conditions. These factors will influence the kinetics of the reaction which in 
turn will have significant impact on the structure obtained. It is entirely 
possible that low temperature or lack of annealing will hinder dopant 
migration to thermodynamically favorable sites. These concerns about the 
computational method were similarly presented by Metiu et. al [52, 53], 
who adopted a similar methodology to determine the position of dopants 
for a ZnO slab model. Here, we predict the thermodynamically favorable 
structure qualitatively by comparing the total energy of the slab with the 
dopant on the first, second and third layers and designating the most 
negative value as the most thermodynamically favorable.  
 
3.3: Geometrical properties of ATO surface 
 A thinner slab of five stoichiometric layers as described earlier in 
chapter 2 was used to study the electrophysical properties of the ATO 
(100) surface. The coordination of surface metal and oxygen bonds is 
fivefold and twofold respectively, instead of sixfold and threefold 
coordinated in the bulk. These dangling bonds are chemically active and 
are therefore important active sites that should be taken advantage of 
when developing surface modification strategies. In particular, the surface 
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metal atoms now have a vacant orbital available to coordinate with 
molecules such as water. The (100) surface of both pure and Sb doped 
SnO2 were checked for surface oxygen dimerization and none were found. 
The geometrically optimized pure and Sb doped SnO2 surfaces displayed 
similar degrees of surface relaxation and reconstruction.  
 
 
Figure 8: Side view of (a) Sb doped SnO2 (100) surface on the left and (b) 
pure SnO2 (100) surface on the right. The top three layers are labeled for 




 The distance between the second and third layer Sn of the ATO 
slab was averaged to be 2.47Å , which is identical to that of the pure SnO2 
slab. Similarly, the distance between the first and second layer Sn of ATO 
was almost identical to that of the pure SnO2 slab. However, a closer look 
at the ATO slab revealed that the topmost metal atoms are disturbed by 
the presence of Sb and are not as well aligned on a place as compared to 
the pure SnO2 slab. In fact, the Sb atom was located 0.04 Å  higher 
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compared to the Sn atom of pure SnO2 at the same site. This indicates 
that the disturbance to the lattice caused by Sb doping on the surface is 
very much localized and not over a large region that we tend to expect 
with the introduction of transition metals with larger ionic radii. The fact 
that surface Sb is more exposed suggests that it is an obvious reaction site 
of interest with regards to surface reactions.  
 
3.4: Electronic properties of ATO surface 
 As the degree of surface relaxation between the pure SnO2 and Sb 
doped SnO2 system is very similar, surface interactions with various 
molecules would be highly dependent on the surface electronic 
properties. In addition, the analysis is also intended to provide further 
validation to the dominance of Sb5+ and Sb3+ on the surface. This is 
particularly critical when the material is intended to be used as electrically 
conductive transparent conductive oxides (TCO) since dominance of Sb3+ 
decrease the performance by serving as electron traps and Sb5+ increases 
the performance by serving as electron donors. 
 
 As highlighted earlier, SnO2 is not a good electrical conductor 
whereby the films made from pure SnO2 displayed significantly poorer 
conductivity when compared to the current industrial standard of tin 
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doped indium oxide (ITO). It is the Sb dopant that improves the 
performance of SnO2 tremendously. However, the combination of the 
variable oxidation states and surface segregation associated with Sb has 
increased the complexity of doping into SnO2. If Sb
3+ dominates on the 
nanoparticle surface, we may have a non-conductive shell and a non-
conductive core that consists mainly of pure SnO2. On the other hand, if 
Sb5+ dominates, we may have an electrically conductive shell surrounding 
the nanoparticle. This explains the importance of the equilibrium between 
Sb3+ and Sb5+ and the effects are particularly significant when considering 
the surface segregation of Sb and the large surface area to volume ratio 
associated with nanoparticles.  
 
 
Figure 9:  Illustration of surface segregated Sb3+ on the left and Sb5+ on 
the right  
 
  
 As a result, we performed the necessary analysis to examine the 
electron distribution. Bader charges were calculated for both the pure and 
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Sb doped SnO2 (100) surfaces using a method described by Henkelman et 
al[25]. The average charge for the four topmost surface metal atoms was 
found to increase from 2.17 to 2.20 upon Sb doping. The less positive the 
charge associated with the metal atom, the more electron rich the atom. 
The limited increase in charge suggests that Sb3+ and Sb5+ are expected to 
coexist in reality. This is because a complete dominance of Sb3+ or Sb5+ 
would result in a much more obvious change in the calculated charge. 
Nevertheless, the increase in charge indicates that Sb5+ is still expected to 




Figure 10: Total surface electron density of (a) pure SnO2 (100) surface on 
the left and (b) Sb-doped SnO2 (100) surface on the right.  
  
 The map of the calculated total electron density for pure SnO2 
(100) surface and Sb-doped SnO2 (100) surface are shown in figure 10. 
The electron density is projected onto a plane that cuts through the 
topmost surface atoms. Upon Sb doping, we notice that the surface 
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region around Sb is qualitatively more electron rich than those further 
away and this is attributed to the higher oxidation state associated with 
Sb than Sn atoms. Consequently, the surface can be categorized into two 
distinct regions of surface oxygens, where the oxygens nearer to Sb are 
more electron-rich and therefore more active than before. As a result, we 
can expect subsequent adsorbate interactions to favor sites nearer to Sb 









Chapter 4: Probing electrophysical properties of ATO 
 
 The study of surface interactions between semiconductor metal 
oxides and gaseous molecules has been of tremendous interest to the 
scientific community; in particular the gas sensing properties [54-56].  
Such gas sensing properties generally originate from the change in 
electrical conductivity as result of the interaction between the gas and 
metal oxide and they have been reported to improve with doping[57, 58]. 
In this study, such adsorption studies are deemed highly important 
because they reveal important insights to the electrophysical properties of 
the metal oxide surface that are critical in designing novel surface 
modifications. It is only by gaining sufficient understanding of the surface 
can appropriate molecules be selected to perform novel surface 
modifications. When designing a modification strategy, thorough 
understanding of the interactions between the modification agents and 
the surface is very important. It is also very important to study the 
influence of gaseous molecules because they can hinder the modifications 
by taking up critical surface adsorption sites.  
  
 Although the study of molecular interactions with SnO2 surface is 
vital to surface modification studies and gas sensing applications, 
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relatively few studies have been reported. More importantly, the bulk of 
the studies have focused upon the (110) surface and therefore provides 
little insights to the (100) surface that was found dominant for Sb-doped 
SnO2. In this study, we use oxygen molecule as a probe to analyze the 
electrophysical properties of the Sb-doped SnO2 (100) surface and focus 
on the changes in electron spatial distribution as a result of Sb doping. 
Oxygen molecule is selected as the probe because it is known to be 
reactive molecule and devices containing Sb doped SnO2 transparent 
conducting films are generally utilized under ambient conditions that 
comes into contact with atmospheric oxygen readily.  
 
4.1: O2 adsorption on pure tin dioxide 
 The chemisorption of O2 onto metal oxide surfaces such as ZnO 
[59] and SnO2 [60] has been widely believed to deplete electrons from the 
conduction band and form O2
-, O- or O2-. The depletion of electrons from 
the metal oxide surfaces is expected to lead to a reduction in electrical 
conductivity. Our current understanding of the electronic changes with 
oxygen adsorption on metal oxides stem from the ionosorption model 
that is based upon the “boundary layer theory of chemisorption” 
developed by Hauffe [61]. Fundamentally, the theory suggests that 
electrons can be transferred to the chemisorbed oxygen from metal oxide 
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due to the electron affinity of oxygen. This theory forms the basis for the 
gas sensing properties associated with metal oxides.  
 
 
Figure 11: Side view of (a) side-on and (b) end-on adsorbed O2 pure SnO2 
(100) surface. Sn atoms denoted in grey, oxygen atoms in red. For clarity, 
the metal atoms acting as adsorption sites are denoted in green. 
 
 
In our investigation we focus upon two distinct modes of oxygen 
adsorption, namely the planar, side-on and end-on adsorption modes. For 
the side-on adsorption mode, the oxygen molecule forms a bridge 
between two neighboring metal atoms of the topmost layer. For the end-
on adsorption mode, one oxygen atom of the molecule points towards 
the surface metal atom. In the side-on adsorption configuration, the 
displacement between each O atom of O2 molecule and the surface Sn 
atom is 3.87Å  and 3.11 Å  respectively. The O-O bond length of the O2 
molecule is 1.23Å  and the adsorption energy (Eads) was found to be -0.01 
eV. As a comparison, the molecular bond length of free O2 is 1.23 Å . The 
small negative adsorption energy implies that the attraction between the 
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O2 molecule and surface Sn atoms is weak. The low adsorption energy and 
large metal-oxygen distance suggests that the interaction is mainly 
physisorption.  
 
For the end-on adsorption configuration, the displacement 
between the single O atom of O2 molecule and the surface Sn atom is 
3.15Å  and the O-O bond length of the O2 molecule is 1.23Å . The 
interaction is also mainly weak physisorption and the adsorption energy 
was found to be -0.04 eV. In both adsorption modes, the unchanged O-O 
bond length suggests that electrons are not withdrawn from the surface 
to fill the  * antibonding orbitals of O2 which would have led to a 
reduction in bond order. The low adsorption energy implies that the 
sticking probability of oxygen on pure SnO2 (100) surface is expected to 
be low. 
 
4.2: O2 adsorption on ATO 
For the adsorption of oxygen molecule on Sb-doped SnO2 surface, 
all under-coordinated surface metal atoms were considered to be possible 
adsorption sites. Two and four unique sites were identified for both the 
end-on and side-on adsorption modes displayed in figure 12. The O2 
adsorption energies, (Eads); the bond distance between O2 and surface, 
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d(ads-surf); bond distance between O atoms for adsorbed O2 molecule, d(O-O); 
were calculated for all six configurations. 
 
 
Figure 12: Top view of the Sb doped SnO2 (100) surface to. Dotted ovals 
indicate two unique O2 side-on adsorption sites. All the surface metal 
atoms are adsorption sites for end-on adsorption of O2. The grey balls are 
Sn atoms, the red balls are O atoms and the purple ball is the Sb dopant 
atom. For clarity, only atoms on the topmost 2 layers are shown.  
  
Adsorption Site Adsorption energy (eV) d(O-O) (Å ) 
Sb -0.02 1.24 
Sn1 -0.06 1.24 
Sn2 -0.04 1.23 
Sn3 -0.04 1.23 
Table 2: Summary of calculation for O2 end-on adsorption mode on Sb-
doped SnO2 (100) surface at all possible sites. Note: O2 adsorption energy 
is denoted as Eads and bond distance between O atoms for adsorbed O2 
molecule is denoted as d(O-O) 
 
 Similar to the oxygen adsorption on pure SnO2 (100) surface, the 
end-on adsorption was found to be weak and mainly physisorption.  This 
was similarly confirmed by the low adsorption energy values and the 




Figure 13: (a) Top view and (b) side view of O2 adsorbed on Sb doped 
SnO2 (100) surface. Sn atoms denoted in grey, oxygen atoms in red and 
the Sb dopant atom in purple. For clarity, only atoms on the topmost 2 
layers are shown in (a) and the rest are displayed as lines.  
 
 The side-on adsorbed oxygen forms a bridging bond between two 
adjacent surface metal atoms as shown in figure 13. Both possible 
adsorption sites were considered and their calculated adsorption energy 
values for the O2 adsorption are presented in table 3. Site 1, unlike site 2, 
includes the Sb dopant which is expected to contribute electrons to the 
surrounding region. The oxygen adsorption on site 2 was found to be 
weak while the adsorption on site 1 was found to be significantly stronger. 
This result clearly indicates that site 1 was made more active with the 
introduction of Sb which contributes electrons to the surrounding region 
as seen in the surface electron density distribution diagram in the 
previous chapter. However, the electrons contributed from Sb do not 
appear to be well delocalized throughout the surface and two distinct 




Adsorption Site Adsorption energy (eV) d(ads-surf) (Å ) d(O-O) (Å ) 
Site1 -0.37 2.33 1.32 
Site2 -0.04 3.85 1.23 
Table 3: Summary of calculation for O2 side-on adsorption mode on Sb-
doped SnO2 (100) surface at all possible sites. Note: O2 adsorption energy 
is denoted as Eads; average bond distance between O2 and surface, d(ads-
surf); and bond distance between O atoms for adsorbed O2 molecule is 
denoted as d(O-O) 
 
The adsorption of O2 onto the surface results in the formation of 
two metal-O bonds as seen in figure 3.  The average metal-O bond length 
of 2.33 Å  were found to be appreciably shorter for the side-on adsorption 
of O2 on site 1 than site 2 and also for all the four end-on adsorption 
configurations considered. The shorter bond length provides further 
confirmation that O2 is sensitive to a more electron rich region due to the 
presence of Sb and is more strongly bound to the Sb doped SnO2 surface. 
However, the adsorption energy of O2 on site 1 is only -0.37 eV. This value 
is smaller than expected as the increase in O-O bond length of adsorbed 
O2 suggests that the nature of the interaction is that of chemisorption. 
The bond length is increased as the adsorbed O2 withdraws electrons 
from the surface to fill the  * antibonding orbitals, thereby leading to 
reduced bond order. This is attributed to the repulsion between the 
adsorbed O2 and the adjacent lattice oxygen. This repulsion is noticeable 
in figure 13, where we see that the lattice oxygen shifts out of plane and 
away from the adsorbed O2 molecule.  
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 The charge density of the Sb doped SnO2 (100) surface upon O2 
adsorption at site 1 was further studied by calculating the bader charges 
as described by Henkelman et al [25]. The charge associated with the 
topmost layer atoms were summed and in conjunction, the total surface 
charge density difference between a clean surface and an O2 adsorbed 
surface was obtained as Δ (surf). Δ (surf) was calculated to be 0.11 and the 
positive value indicates appreciable electron withdrawal from the surface.  
This lends further evidence that O2 is chemisorbed onto the surface and 
that the metalsurf-Oads bond is likely to be ionic in nature. The withdrawal 
of electrons by the O2 molecule indicates that the electrical conductivity of 
the surface is likely to decrease from the reduction of charge carriers. 
 
 The change in charge of molecular O2 prior to and after surface 
adsorption was monitored and denoted as Δ (O2). Δ (O2) was calculated to 
be -0.24 and the negative value implies that adsorbed O2 becomes more 
negatively charged as electrons are withdrawn upon adsorption. The high 
Δ (O2) value of reaffirms that electrons are strongly withdrawn from the 
electron rich Sb doped surface to O2 upon adsorption to possibly form 
‘superoxide-like’ specifies that may subsequently act as chemically active 




 In this study oxygen molecules have been determined to be weakly 
physisorbed onto pure SnO2 (100) surface and the introduction of 
antimony dopant increases the favorability of oxygen adsorption. 
Nevertheless, the adsorption strength of oxygen on Sb doped SnO2 (100) 
surface is not as large as expected and this has been attributed to 
repulsion between the adsorbed oxygen and lattice oxygen of the surface. 
Oxygen adsorbed on Sb doped SnO2 was found to withdraw electrons 
from the surface and results in a lengthening of the oxygen-oxygen bonds 
of the adsorbed molecule. The transfer of electrons from the surface to 
the adsorbed oxygen molecule is believed to explain for the reduction in 
electrical conductivity that has been widely reported with oxygen 
adsorption on metal oxide surfaces.      
  
4.3: Water adsorption on pure tin dioxide 
 Ambient gases such as oxygen are not only capable of taking up 
important active sites but also able to impact the overall electrical 
conductivity by withdrawing electrons from the metal oxide surface. And 
as a result, the study of surface interactions with gaseous molecules is 
particularly important if the material properties, electrical conductivity in 
particular, are to be improved. While experimental and computational 
based water adsorption studies on SnO2 has been performed, the studies 
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have mainly focused upon the (110) [62-64] and the (101) [65] surface. 
Consequently, in-depth information regarding the nature, strength and 
coverage of water adsorption specific to the (100) surface of SnO2 and Sb 
doped SnO2 remains scarce.  
 
In this work, the study of water adsorption onto Sb doped SnO2 is 
deemed particularly important because the nature of water adsorption 
and the coverage can have huge implications on the surface modification 
strategy to be developed. It could be possible for example, to consider the 
reaction between hydrogen atoms of hydroxyl groups and organic 
molecules. Developing a modification strategy around adsorbed water is 
interesting because the adsorption of water has been widely reported to 
lead to improved electrical conductivity [66-69]. It would be beneficial to 
conduct surface modifications on a water adsorbed material since the 
base electrical conductivity is higher.  
 
In this section, we examine the strength and nature of water 
adsorbed onto pure SnO2 and Sb doped SnO2 to study the nature and 
strength of water adsorption. By comparing the adsorption in these two 
systems, we can also evaluate the effect of antimony doping and possibly 
gain invaluable insights to better predict subsequent surface reactions 
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with various surface modification agents. Water adsorption was studied at 
twenty-five percent and monolayer coverage. And the monolayer 
coverage of water was further studied by varying the degree of water 
dissociation to determine the most stable water adsorbed surface.  
 
In our simulations, all surface metal atoms are considered as 
possible adsorption sites. The water molecules were positioned with the 
oxygen atom directed towards the metal atoms of the topmost layer. At 
twenty-five percent coverage, the single water molecule was found to 
favor associative adsorption. The bond length between the metal and 
oxygen atom was measured to be 2.29 Å  and the bond length between 
hydrogen and oxygen atoms of the water molecule was found to shorten 
by an average of 0.11 Å . While attempts to search for a stable or 
metastable state for dissociative adsorption, none were found. Therefore, 
associative adsorption was determined to be clearly favorable at low water 
coverage and the negative adsorption energy of -0.97 eV suggests that 




Figure 14: Side view of single water molecule associatively adsorbed on 
pure SnO2 (100) surface. Sn atoms denoted in grey, oxygen atoms in red.  
 
The transfer of electrons between the single adsorbed water 
molecule and the surface was monitored by calculating the bader charges 
as described by Henkelman et al[25]. The electrons associated with the 
water molecule were compared before and after adsorption. The total 
electrons associated with the water molecule were appreciably lowered 
after adsorption and this suggests that electrons were transferred to the 
surface. And with increased charge carriers, the overall electrical 
conductivity is expected to improve. Therefore, the result agrees well with 
the findings from Yamazoe and co-workers [66] where improvements in 
electrical conductivity were reported with water adsorption.   
 
At complete monolayer coverage of water, various degrees of 
water dissociation were modeled and compared. The surface models were 
developed based upon those utilized by Evarestov et al. in the study of 
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water adsorption on the (100) orientation of SnO2 and the methodology is 
similar to that of single water adsorption as performed earlier. The study 
was performed with sequential dissociation in mind, where water 
molecules were expected to be first associatively adsorbed before being 
dissociatively adsorbed. With four possible adsorption sites, the water 
dissociation was simulated from complete associative adsorption to 







0% Monolayer -427.74 -0.99 
50% Monolayer -427.86 -1.02 
75% Monolayer NA NA 
100% Monolayer -428.20 -1.11 
Table 4: Summary of calculated data for water adsorption on pure SnO2 at 
varying levels of dissociation. 
 
The average adsorption energy was calculated by subtracting the 
energy of a clean surface and four isolated water molecules from the 
energy of the surface-adsorbate system before dividing the value by four. 
From the table presented, complete dissociative adsorption of water was 
found to be the most favorable among the levels of dissociation 
considered. This difference from that of single water molecule suggests 
that higher coverage of water molecules provides extra stability to 
dissociated water molecules. No metastable state was observed at 
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seventy-five percent dissociation. The adsorption energy per water 
molecule was found to be in good qualitative agreement to theoretical 
findings found in available literature [70, 71], where both reports agree 
that the dissociative adsorption is the most favorable. In particular, the 
reported adsorption energies for associative adsorption, mixed adsorption 
and dissociative adsorption by Bandura et al. were almost identical to our 
findings.  
 
The increased adsorption strength is expressed by the shorter bond 
distance between surface tin atoms and the oxygen atoms from water. 
The bond distance for single water adsorption was measured to be 2.29 Å  
whereas the average bond distance for monolayer coverage was 
measured to be 2.03 Å . Electrons were found to be transferred from the 
water molecules to the surface, and to a larger extent than the single 
molecular adsorption of water. This transfer of electrons makes the 
surface more electron rich and could be a possible contributing factor that 
leads to increased interaction between the hydrogen of water and surface 





Figure 15: Side view of monolayer coverage of associatively adsorbed 
water molecules on pure SnO2 (100) surface. Sn atoms denoted in grey, 
oxygen atoms in red.  
 
 
4.4: Water adsorption on ATO 
For the adsorption of water on Sb doped SnO2 (100) surface, the 
four under-coordinated surface metal atoms were considered to be 
possible adsorption sites. Following the presence of antimony on the 
surface site, each of the adsorption sites becomes unique due to the 
change in the electronic environment brought about by antimony. The 
change in electronic environment caused by antimony is expected to 
contribute to a different surface water composition.     
 All four sites were individually considered and the dissociative and 
associative adsorption energies of water for a single molecule were 
individually determined. A summary of the data is presented in table 5. 
Associative adsorption of water was found favorable for all four sites; 
however those at sites Sb and Sn1 are metastable states where 
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dissociative adsorption was determined to be significantly more favorable. 
Dissociative adsorption is most favorable at site Sb. The increased surface 
electron density in the region around the antimony dopant is believed to 
contribute to stronger interaction with the electronegative oxygen atom 
of water. Analysis of the bader charges for the interacting antimony and 
oxygen atoms revealed that antimony was found to become more positive 
and the oxygen more negative after adsorption. This indicates that the 
electronegative oxygen atom withdraws electrons from the metal oxide 
surface. However, water molecule was found to donate electrons as a 
whole because the hydrogen atoms function as strong electron donors 
that offset the intake of electrons by oxygen.  
 
 The strong surface- water interactions pulls water closer to the 
surface and brings hydrogen atoms of water closer to surface oxygen 
atoms. The reduced distance is similarly believed to contribute to stronger 
interaction between the hydrogen and oxygen atoms and facilitate 
dissociative adsorption. Another contributing factor for the Sb site to be 
favored is that the antimony dopant is very slightly more exposed that the 
other tin atoms, as described in the previous chapter. As a result, the 
favoring of dissociative adsorption is likely to be contributed by a 





Figure 16: Side view of single water molecule dissociatively adsorbed on 
Sb doped SnO2 (100) surface. Sn atoms denoted in grey, O atoms in red 
and Sb dopant in purple. 
 
Metastable states were not observed for dissociative adsorption of 
water for sites Sn2 and Sn3. The more negative adsorption energies at 
sites Sb and Sn1 suggests that water is likely to be preferentially adsorbed 
at these sites at low coverage. And considering the most stable 
dissociative adsorption at site Sb, the bond length between the metal and 
oxygen atom was measured to be 2.24 Å . The combination of short bond 
length and the transfer of electrons from water molecule to the surface 















Sb -0.99 -1.18 
Sn1 -1.03 -1.05 
Sn2 -0.90 NA 
Sn3 -0.89 NA 
Table 5: Summary of adsorption energies for one water molecule at 
individual sites 
  
 Water adsorption studies for monolayer coverage on Sb doped 
SnO2 were performed with varying degrees of water dissociation. The 
individual models representing each degree of water dissociation were 
carefully developed and optimized. The surface models were similarly 
developed based the methodology for pure SnO2. However, the presence 
of the Sb dopant results in all four possible adsorption sites being unique 
and the starting point for water dissociation has to be determined. Since 
dissociative adsorption is most favorable on Sb and followed by Sn1 sites, 
the twenty-five percent and fifty percent dissociative adsorption of water 
is modeled by having water dissociatively adsorbed on the Sb site and 
subsequently the Sn1 site. At seventy-five percent dissociation, two 
possible combinations were identified as indicated in figure 8. Water is 
modeled to be incrementally dissociatively adsorbed at higher 






Figure 17: Schematic diagram of surface model from top view, with all 
water adsorption sites labeled. Sb represents the location of the antimony 





Figure 18: Schematic diagram of surface model corresponding to sites as 
indicated in figure 12. Each site is labeled according to the type of 
adsorption; dissociative and associative adsorption of water. ‘D’ represents 










Figure 19: Side view of adsorbed water molecules at seventy-five percent 
dissociation on Sb doped SnO2 (100) surface. Sn atoms denoted in grey, O 
atoms in red, and Sb atoms in purple.   
 
From the calculations as presented in table 6, a seventy-five 
percent dissociative adsorption of water on Sb doped SnO2 (100) surface 
was found to be the most favorable. In contrast to the water adsorption 
on pure SnO2 surface, the complete dissociative adsorption of water is not 
the most favorable. This difference is believed to stem from antimony 
doping which alters the electrophysical properties of the surface. As 
identified previously, antimony doping results in increased surface 
electron density and also contribute to some changes in surface 
geometry. It is difficult however, to specifically claim the dominance of 
either effect to the difference in water dissociation when compared to 
pure SnO2. It is more likely than otherwise that a combination of both 











1 0% dissociation monolayer -426.95 -0.95 
2 25% dissociation monolayer -427.23 -1.03 
3 50% dissociation monolayer -427.58 -1.11 
4 75% dissociation monolayer -427.61 -1.12 
5 75% dissociation monolayer -427.64 -1.13 
6 100% dissociation monolayer -427.37 -1.06 
Table 6: Summary of calculated data for water adsorption on Sb doped 
SnO2 at varying levels of dissociation. 
 
 
At seventy-five percent dissociation, the average adsorption energy 
per water molecule was found to be nearly 0.07eV higher than that of 
complete monolayer associative adsorption. However, the energy 
difference becomes very close for dissociation rates between fifty to 
hundred percent. It is important to highlight that the calculations were 
performed at zero Kelvins and therefore both thermal and entropic effects 
are ignored. As a result, the similarity in the average adsorption energy as 
calculated suggests that associative and dissociative adsorption of water 
molecules is likely to co-exist albeit in an equilibrium favoring dissociative 





 These surface studies highlight the effectiveness of antimony as a 
dopant increases surface electron density. Using oxygen as probes, the 
electron donor effect of antimony was found to be more localized than 
expected as the region nearest to the dopant were experienced a larger 
increase in electron density. While adsorbed oxygen was found to 
withdraw electrons from the metal oxide surface, water was found to act 
as an electron donor. Hydrogen atoms were found to be effective electron 
donors and this phenomenon agrees well with the increase in electrical 
conductivity with water adsorption reported in literature. Following the 
water adsorption studies, it was determined that antimony contributes to 
changes in the surface electrophysical properties that are believed to lead 
to mixed adsorption being more favored than complete associative 
adsorption. The adsorption strength of water and oxygen were studied in 
detail and the significantly higher adsorption energy of water over oxygen 
suggests that water is expected to dominate on the surface. The similarity 
in energy values between mixed and complete monolayer dissociative 
adsorption of water however, highlights that associative and dissociative 
adsorption of water is expected to co-exist with dissociative adsorption 




Chapter 5: Surface modification using dichloroacetylene 
 
 Transparent conducting films made from doped metal oxides, such 
as tin doped indium oxide has been generally understood to be brittle [72]. 
The inflexible nature of these films hinders the development of flexible 
displays. And in addition, the heat treatment of films to obtain optimum 
optical and electrical properties further hinders the adoption of polymer 
substrates which have poor thermal stability. In spite of these short-
comings, transparent conducting films made of metal oxides remain 
indispensable as transparent conducting electrodes in electronic devices.  
 
 While many synthesis and deposition methods [30, 39, 48] have 
been varied and proposed over the years to overcome the above 
mentioned short-comings, the production of high quality flexible 
electronics remains very much a challenge. This work proposes and studies 
the functionalization of Sb doped SnO2 nanoparticles using organic 
molecules as the solution for metal oxide films to be adopted in flexible 
electronics.  
 
The surface modification strategy in this thesis was conceptualized 
by studying transparent conducting film formation through the deposition 
of nanoparticles on substrates at an atomic level. The deposited 
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nanoparticles are not perfectly ordered and large gaps may exist between 
them. These gaps lead to weak interaction between nanoparticles and poor 
film mechanical strength. They also serve to reduce conductivity by having 
electrons ‘hop’ over an appreciable distance from nanoparticle to 
nanoparticle. The key to improving the mechanical strength and electrical 
conductivity of a film lies in either reducing the gaps, linking the 
nanoparticles together with a linker molecule or a combination of both.    
 
In this chapter, we study the feasibility and effectiveness of surface 
modification using dichloroacetylene as a linker molecule to provide 
increased film mechanical strength and electrical conductivity. 
Dichloroacetylene is a reactive molecule with a pair of triply bonded 
carbons and two chlorine atoms at the end. The conjugated carbon atoms 
with overlapping p-orbitals would provide an excellent bridge by allowing 
electrons to move from nanoparticle to nanoparticle with ease. The 
electronegative chlorine atoms are expected to be reactive and interact 
favorably with the hydrogen atoms of surface hydroxyl groups derived from 
water adsorption. And the overall reaction between dichloroacetylene and 
the surface hydroxyl groups is expected to release hydrogen chloride gas 




5.1: Establishing surface model 
 Prior to testing the feasibility and effectiveness of using 
dichloroacetylene as a linker, the surface model to perform these tests was 
first established. It was recognized that a hydroxylated surface is critical is 
facilitating the reaction between the nanoparticle and dichloroacetylene.  
Detailed surface studies on the Sb doped SnO2 nanoparticles in the 
previous chapter revealed that a hydroxylated surface can be easily created 
with the introduction of water as water is favorably adsorbed onto the 
nanoparticle surface. While a combination of molecular and dissociative 
adsorbed water was found to be thermodynamically more stable than that 
of complete dissociative adsorption of water at 0K, the difference is almost 
negligible. As a result, the surface is expected to be predominantly covered 
by dissociatively adsorbed water at elevated temperatures at which the Sb 
doped SnO2 nanoparticles are synthesized.    
  
 A Sb doped SnO2 nanoparticle (100) surface completely covered by 
dissociatively adsorbed water is thereafter used as the surface model upon 
which simulations of dichloroacetylene reaction with surface hydroxyl 





Figure 20: Hydroxylated Sb doped SnO2 nanoparticle (100) surface with 
number denoting unique surface sites suitable for reaction with 
dichloroacetylene 
 
All the surface hydrogen atoms were considered as possible reaction 
sites for dichloroacetylene.  A total of eight possible reaction sites were 
identified and denoted in figure 19.  
 
5.2: Adsorption of dichloroacetylene 
 
Figure 21: Dichloroacetylene physisorbed to the hydroxylated surface of Sb 
doped SnO2 nanoparticles. Grey, red, white and purple spheres denote the 
surface Sn, O, H and Sb atoms respectively. And light grey and green 











The dichloroacetylene molecule is expected to undergo an initial 
physisorption on the surface where the close proximity of dichloroacetylene 
with the hydroxylated ATO surface is expected to lead to the chemical 
reaction between the chlorine atoms of dichloroacetylene and surface 
hydroxyl groups. A concerted reaction is expected to occur. The negatively 
charged chlorine is expected to react with the positively charged surface 
hydrogen to form HCl and ∙C≡C-Cl radical and the extremely reactive ∙C≡C-
Cl radical is expected to attach to the surface very quickly by attacking the 
exposed surface oxygen site that is electron withdrawing. A similar reaction 
is expected to occur when the remaining chlorine atom comes into contact 
with the hydroxyl groups on a neighboring ATO nanoparticle. The modified 
surface consisting of “Surface-O-C≡C-Cl” moieties will react with surface 
hydrogen atom to form HCl and the chemically active “Surface-O-C≡C∙” 
radical which attaches to the nanoparticle surface via the exposed oxygen 
site to cross-link the nanoparticles. 
 
The overall reaction can be viewed as a two part reaction: 
Surface-OH + Cl-C≡C-Cl → Surface-O-C≡C-Cl + H-Cl      (1) 





where Surface-OH and HO-Surface’ represents two separate hydroxylated 
nanoparticles, Surface-O-C≡C-Cl represents the surface moiety after 
chemical reaction between surface hydroxyl groups and dichloroacetylene, 
and Surface-O-C≡C-O-Surface’ represents two cross-linked nanoparticles.  
 
Determining the reaction energy of reaction (1) is important because 
the reaction between chlorine atoms of dichloroacetylene and surface 
hydroxyl groups is fundamentally similar for both reaction (1) and (2). The 
calculated reaction energy will provide an indication regarding the 
feasibility of reaction (1), (2) as well as the overall reaction. Each component 
of the chemical equation was geometrically optimized and the associated 
energy was recorded. The reaction energy of reaction (1) at each of the 
eight possible sites is calculated as: 
Erxn1 = ESurface-O-C≡C-Cl + EHCl – ESurface-OH - ECl-C≡C-Cl 
 
where ESurface-O-C≡C-Cl is the energy of surface moiety after chemical reaction 
between surface hydroxyl groups and dichloroacetylene, ESurface-OH is the 
energy of the surface, EHCl is the energy of hydrogen chloride molecule and 
ECl-C≡C-Cl is the energy of dichloroacetylene molecule.  
  
 The reaction energy of equation (1) was derived as shown in table 7 
and the reaction was found to be significantly more favorable on the more 
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elevated and exposed surface hydrogen atoms at sites five to eight. This is 
believed to be attributed to the fact that the interaction with more elevated 
hydrogen atoms would result in less steric hindrance between the resultant 
‘-O-C≡C-Cl’ moiety and surface hydroxyl groups. The thermodynamic 
stability of the reaction at sites five to eight is relatively similar but we 
recognize that the reaction at site 5 is the most thermodynamically stable. 
Therefore, the reaction at site 5 was considered to be the most favorable 
and therefore focused in the subsequent study.  
 









Table 7: Reaction energy of equation (1) at all possible surface sites. 
 
 
The reaction pathway as described is represented in figure 21, 
together with the associated energies at each point of the reaction. From 
the energy diagram, the overall reaction is thermodynamically favorable 
and easily realized in a reactor under elevated temperatures. Slightly 
elevated temperatures is required to drive the reaction as we postulate that 
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dichloroacetylene will have to overcome a small energy barrier before 
reaching close proximity to the surface. This is because some repulsion 
between the electron rich triply bonded carbons and the electron rich metal 
surface is expected. Heating is also essential in increasing the rate of 
reaction between dichloroacetylene and the metal oxide surface. The 
concerted nature of the reaction imposes a small challenge kinetically as 
dichloroacetylene has to approach the surface in the suitable orientation 
and with sufficient energy for the reaction to occur. However, the 
temperatures required to drive the reaction are not expected to be high 
enough to cause a polymer substrate to degenerate.  And finally, slightly 
elevated temperatures can easily remove all HCl by-products are to be 





Figure 22: Energy diagram showing the change in energy with respect to 
the expected reaction pathway 
 
5.3: Cross-linking nanoparticles 
As described previously, dichloroacetylene is an effective linker 
molecule that cross-links two neighboring nanoparticles. The cross-linking 
is expected to provide increased mechanical strength and electron 
movement between particles. Two neighboring nanoparticle surfaces are 
linked via a pair of triply bonded carbons. The linkers contribute to 
increased electrical conductivity when these functionalized nanoparticles 
are used to manufacture films. Firstly, they serve to promote the transfer of 
electrons via electron hopping as the electrons hop over a shorter distance 
once they are brought close together by cross-linking. In addition, the p 
orbital of carbon overlaps very well with that of oxygen, thereby forming a 
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direct and effective ‘highway’ for electrons to flow from nanoparticle to 
nanoparticle. These results in superior electrical conductivity when 
functionalized nanoparticles are utilized to form a transparent, conductive 
film and we expect the performance of the film to be superior over films 
made of unmodified nanoparticles. 
 
 
Figure 23: Surface of (a) two unlinked ATO nanoparticles and (b) two ATO 
nanoparticles cross-linked by two triply bonded carbon atoms. Grey, red, 




Figure 24: Density of states corresponding to diagrams as shown in figure 




 The density of states (DOS) for both the unlinked and cross-linked 
Sb doped SnO2 nanoparticles were calculated to evaluate the effectiveness 
of the cross-linking with respect to the electronic structures. In both DOS 
diagrams, the valence band is mainly contributed by oxygen and the 
conduction band contributed by a combination of antimony, tin and 
oxygen. Of interest, the contributions by antimony, tin and oxygen in the 
conduction band indicates good electron mobility from element to element 
in the system. After cross-linking, additional contribution from carbon 
around the Fermi level was observed. Oxygen contribution around the 
Fermi level is similarly increased and this was attributed to the 
delocalization of electrons by the pair of triply bonded carbon linker. 
Furthermore, all elements were observed to play a significant role around 
the Fermi level in bridging the band gap and this indicates that all 
participating elements within the system are electronic compatible. This 
reaffirms the excellent overlap of the p orbitals of carbon with that of 
oxygen and electrons are therefore expected to flow efficiently from 
nanoparticle to nanoparticle. The electrons are expected to travel via 
surface oxygen atoms, through carbon linkers to the surface oxygen of 





5.4: Alternatives to dichloroacetylene 
 The computational simulations have shown dichloroacetylene to be 
an effective modification reagent to cross-link hydroxylated antimony 
doped tin oxide nanoparticles. In this section, we leverage upon the 
tunability of organic molecules and study the kinetic and thermodynamic 
effects of replacing the chlorine in dichloroacetylene with those other 
halogens. The chemical reaction between dichloroacetylene and the 
hydroxylated surface is a reaction that involves the formation of H-Cl and 
O-C bonds while C-Cl and and O-H bonds are broken. As a result, 
substituting the chlorine atom for other halogens (X) to attain a stronger H-
X bond and weaker C-X bond may serve to improve the thermodynamic 
favorability of the reaction.  A weaker C-X bond would also imply that the 
energy barrier for the reaction is reduced and the overall kinetic favorability 
of the reaction may be simultaneously enhanced.  Since halogens are not 
directly involved in the O-C and O-H bonds, they are assumed to be 
relatively unchanged regardless of the halogens in the organic linker 
molecule. As a result, calculations were focused upon the bond strength of 
C-X and H-X to evaluate the overall change in the reaction energy when a 




 In this section, we apply first principles density functional theory 
(DFT) [17] to determine the respective bond strength when the halogen of 
interest is chlorine, bromine or iodine. All calculations were performed 
under the generalized gradient approximation (GGA) using the Perdew-
Burke-Ernzerhof (PBE) [18, 19] exchange relation-correlation functional and 
double numeric polarized (DNP) basis set as implemented in the DMol3 
program [73, 74] found in Accelrys' Material Studio.  Spin polarizations were 
included for all calculations.  
 
Halogen C-X bond strength (eV) H-X bond strength (eV) Energy difference (eV) 
Cl -4.42 -4.57 -0.15 
Br -3.81 -3.92 -0.11 
I -3.33 -3.35 -0.02 
Table 8: Summary of calculated carbon-halogen and hydrogen-halogen 
bond strength, with their respective energy difference. X represents the 
halogen of interest with respect to each individual calculation.   
  
 The calculations revealed that the bond strength between C-X and 
H-X decreases down as the halogen (X) gets larger. This trend is in good 
qualitative agreement with experimentally determined values [75]. The 
overall energy difference is obtained by subtracting the energy required in 
breaking the C-X bond from the energy released from the formation of the 
H-X bond. Therefore, the overall reaction can be expected to be most 
favorable when using dichloroacetylene since the energy difference of -0.15 
eV is the highest among the halogens considered. However, it must be 
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highlighted that the substitution of bromine for chlorine results in a very 
minimal difference of 0.04 eV while the C-X bond strength is a significant 
0.61 eV weaker. The weaker C-X bond strength suggests that 
dibromoacetylene will experience a much lower energy barrier when 
reacting with the hydroxylated nanoparticle surface while maintaining the 
thermodynamic favorability of the overall reaction. As a result, 
dibromoacetylene is an attractive alternative to dichloroacetylene since a 
lower energy barrier is a key consideration in minimizing the temperature 
required for the surface modification to occur.   
  
 In this chapter, hydroxyl groups on Sb doped SnO2 nanoparticles are 
leveraged upon to react with dichloroacetylene to form a pair of triply 
bonded carbon atoms between nanoparticles. The p orbital of carbon 
overlaps very well with that of oxygen, thereby forming a direct and 
effective ‘highway’ for electrons to flow from nanoparticle to nanoparticle. 
This carbon bridge is not only an efficient pathway for electrons to transfer 
from nanoparticle to nanoparticle but also an effective chemical binder to 
improve the cohesion between nanoparticles. From the density of states, all 
elements were observed to play a significant role around the Fermi level in 
bridging the band gap after cross-linking. Additional contribution from 
carbon and oxygen around the Fermi level is attributed to the 
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delocalization of electrons from the triply bonded carbon linker to the 
interacting oxygen atoms. This reaffirms the excellent overlap of the p 
orbitals of carbon with that of oxygen and electrons are therefore expected 
to flow efficiently from nanoparticle to nanoparticle. As the reaction 
between dichloroacetylene and the surface is almost thermoneutral, 
elevated temperatures are necessary to drive the cross-linking process. The 
elevated temperatures further justify using a surface consisting of hundred 
percent dissociatively adsorbed water. However, the use of flexible 
substrates requires working temperatures to be kept to a minimum. In 
order to reduce potential energy barriers to the reaction, alternatives to 
dichloroacetylene were considered and dibromoacetylene was found to be 
a viable alternative where the energy required to break bonds is less and 
thermodynamic favorability of the overall reaction is not overly 
compromised. Nanoparticle functionalization using dichloroacetylene is a 
promising method that betters currently available technology in 
transparent conducting film formation and further confirmation through 







Chapter 6: Surface modification using butadiene 
The use of crystalline metal oxide nanoparticles to form transparent 
conducting films has been deemed to be a promising approach for the 
production of flexible films using polymer substrates. Unlike conventional 
methods such as sputtering, this approach essentially allows for the heat 
treatment process; that is essential to the formation of crystalline and 
conductive materials, to be considered separately from the film formation 
process. This opens the doors for high quality, transparent and electrically 
conductive films to be formed under low temperature conditions by 
chemically modifying and tailoring these nanoparticle surfaces. These 
modifications may involve the formation of a chemical binder that improves 
the cohesion of nanoparticles or direct nanoparticle cross-linking. Low 
temperature film processing remains very much the key to utilizing polymer 
substrates that are sensitive to elevated temperatures.  
  
The surface modification of nanoparticles to form transparent 
conductive films is nontrivial because nanoparticles tend to agglomerate. 
This agglomeration not only hinders desired surface modification but also 
lowers quality of films formed by reducing transmittance. Larger particles 
tend to experience increased optical scattering that result in less 
transparent films. As a result, nanoparticle agglomeration has been widely 
76 
 
treated as a serious and important issue and surface modification efforts 
have been focused upon resolving the issue of nanoparticle agglomeration. 
Currently, nanoparticle de-agglomeration can be achieved by modifying 
the surface with large organic molecules to reduce inter-particle interaction 
followed by mechanical action. However, these large molecules are 
generally not helpful to improving electrical conductivity of films from 
these modified nanoparticles.  
 
As a result, successful surface modification should possess the ability 
to reduce nanoparticle agglomeration as well as form high quality 
transparent conductive films at low temperatures.  Puetz et al. proposes for 
modify tin doped indium oxide (ITO) nanoparticle surfaces to be modified 
using a chemical binding agent such as 3-methacryloxypropyl-
trimethoxysilane (MPTS) [5] . The double bond associated with MPTS allows 
for UV processing to form transparent conductive films.  
 
UV processing of films can be a promising approach to achieving 
successful surface modification at low temperatures. In this report, we 
choose to consider surface modification using butadiene, which is a smaller 
molecule that is commonly available. A pair of doubly bonded carbons 
remains present when butadiene adsorbs onto metal oxide surfaces and 
therefore it is possible for the cross-linking of adsorbed butadiene to occur 
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via a UV process. And being a smaller molecule, butadiene is believed to 
possess the dual advantage of being hindering transmittance to a lesser 
extent than MPTS and be present in greater numbers on nanoparticle 
surfaces. Having greater numbers would promote cross-linking by 
increasing the probability of meeting an adsorbed butadiene when 
nanoparticles approach each other.   
 
 Butadiene has been reported [76] to successfully adsorb onto Silicon 
surfaces via a [4+2] cycloaddition reaction with surface silicon dimers. 
However, not all metal oxide surfaces possess dimers and SnO2 is an 
example. The key challenge addressed by this study is therefore to examine 
the feasibility of butadiene adsorption onto the Sb doped SnO2 
nanoparticle surface in the absence of surface oxygen dimers. Both cis and 
trans isomers of butadiene are considered and the effectiveness of the 
resultant cross-linking studied.  
 
6.1: Establishing surface model 
 In simulating the adsorption of butadiene onto the (100) surface of 
Sb doped SnO2, a new model with a larger surface area has to be used in 
order to accommodate the butadiene molecule. The new surface model 
was optimized using methods as described in Chapter 2, with periodic 
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boundary conditions imposed. The doping site of Sb was rechecked and 
the topmost surface site was similarly found to be the most 
thermodynamically stable. All the under-coordinated surface oxygens were 
considered to be possible sites of butadiene adsorption and four unique 
sites were identified. The electronegative oxygens are expected to interact 
well with the electron rich conjugated system of butadiene. 
 
 
Figure 25: (a) Top and (b) side view of Sb doped SnO2 (100) surface model 
used to study butadiene adsorption. Sn atoms denoted in grey, oxygen 
atoms in red and the Sb dopant atom in purple. For clarity, only atoms on 
the topmost 2 layers are shown in (a) and the rest are displayed as lines 
 
 
6.2: Isomers of butadiene 
  Butadiene exists in two forms, the cis and trans isomers. And 
following the schematic diagrams of cis-butadiene and trans-butadiene, we 
can expect the trans-butadiene to be thermodynamically more stable. The 
close proximity between the carbon atoms at the ends of the cis-butadiene 
molecules leads to higher steric strain as compared to that of trans-
butadiene. However, it would be of interest to study the thermodynamic 
79 
 
stability associated with each isomer to compare the degree of dominance 




Figure 26: Diagrammatic representation of (a) trans-butadiene on the left 
and (b) cis-butadiene on the right  
 
All-electron first principles density functional theory (DFT) [17] 
calculations under the generalized gradient approximation (GGA) were 
performed using the Perdew-Burke-Ernzerhof (PBE) [18, 19] exchange 
relation-correlation functional and double numeric polarized (DNP) basis 
sets as implemented in the DMol3 program [73, 74] found in Accelrys' 
Material Studio.  Spin polarizations were included for all calculations.  
  
The calculated results confirmed that trans-butadiene is more stable 
than cis-butadiene but only slightly by 0.18 eV. The small difference in 
thermodynamic stability suggests that the steric hindrance between the 
carbon atoms at the ends of the cis-butadiene molecule might not be as 
significant as expected. As a result, trans-butadiene may only be slightly 
more dominant in butadiene and cis-butadiene may be dominant at 




 In the conversion from the more stable trans-isomer to the less 
stable cis-isomer, the bond between the two middle carbons of trans-
butadiene has to be rotated. And such rotation requires an energy barrier 
to be surmounted. The energy barrier was determined to be 0.34 eV. While 
this barrier is small, it is obviously appreciable and this is attributed to the 
fact that the bond rotation disrupts to the   conjugated system of trans-
butadiene. In any case, our findings showed that trans-butadiene is 
expected to convert to cis-butadiene easily and allow the cis-isomer to 
predominate as long as sufficient heat is supplied and maintained within 
the reactor.  
 
6.3: Adsorption of trans-butadiene 
 Although the cis-isomer is expected to dominate under elevated 
temperatures, it is recognized that the trans-isomer of butadiene remains 
present albeit in small amounts. Therefore, simulations were conducted to 
study the adsorption of trans-butadiene on Sb doped SnO2 nanoparticles 
so as to determine the effects and the level of competition between the cis 




 Our simulations consider the planar adsorption of trans-butadiene 
onto all four possible surface reaction sites and in this adsorption mode 
both of the doubly bonded carbon atoms of trans-butadiene were directed 
towards a pair of surface oxygen atoms. The calculated adsorption energy 
was found to range from -0.07 eV to -0.32 eV for all four reaction sites and 
correspondingly, the average displacement between each carbon and 
oxygen interaction pair was measured to range from 3.14 Å  to 3.40 Å . The 
low adsorption energy coupled with the large displacement between the 
carbon and oxygen atoms suggests that their interaction is mainly 
physisorption. The bond distance of the interacting pair of doubly bonded 
carbons was measured to 1.34 Å  and the value was relative unchanged after 
adsorption. This further confirms the nature of the interaction between the 
carbon and oxygen atoms to be weak physisorption.  
 
 As a result, we expect the sticking probability of trans-butadiene on 
Sb doped SnO2 nanoparticles to be low and this indicates that the 
competition between trans-butadiene and cis-butadiene is likely to be 
negligible. The low adsorption strength of trans-butadiene on the surface is 
mainly attributed to the geometric incompatibility of the doubly bonded 
carbon atom pair for the surface oxygen atoms. The closest distance 
between two neighboring surface oxygen atoms is measured to be 3.05 Å  
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and differs significantly by 1.71 Å  when compared to the bond distance of 
the interaction doubly bonded carbon atom pair. This geometrical 
incompatibility is expected to result in poor orbital overlap and therefore 
hinder their interaction to a large extent.  
 
 This insight regarding geometrical compatibility of surface 
modification agents and nanoparticle surface proved critical and led us to 
analyze the geometrical structure of cis-butadiene in similar detail. Cis-
butadiene, similar to trans-butadiene consists of four carbon atoms and 
two formal double bonds between each carbon pair. Cis-butadiene differs 
from trans-butadiene from its spatial arrangement of its constituent 
elemental atoms. In the formation of cis-butadiene from trans-butadiene, 
the central bond between carbons two and three of trans-butadiene is 
rotated and carbons one and four are now on the same sides of the 
molecule. As a consequence, cis-butadiene presents two unique sites of 
adsorption unlike trans-butadiene which presents only one unique 
adsorption site. The two sites are identified to be either pair of the doubly 
bonded carbons, and the extreme carbons one and four. The bond distance 
of the doubly bonded carbons one and two of cis-butadiene is identical to 
the doubly bonded carbons of trans-butadiene and his geometrical 
similarity suggests that the adsorption of cis-butadiene is expected to face 
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similar challenges. The geometrical incompatibility with surface oxygen 
atoms indicates that the nature of interaction should likewise be that of 
weak physisorption and low sticking probability is to be expected. 
 
6.4: Adsorption of cis-butadiene 
The cis-butadiene adsorption mode involving the extreme end 
carbons one and four was found to be geometrically more compatible than 
that of double bonded carbon atoms. The larger carbon-carbon 
displacement is significantly larger at 3.09 Å  and therefore more compatible 
with surface oxygen atoms separated by 3.05 Å . This increased 
compatibility is expected to result in better over orbital overlap between 
the interacting carbon and oxygen atoms that result in significantly more 
favorable interactions and sticking probability. Therefore, this adsorption 
mode is believed to be predominant for cis-butadiene adsorption and 
subsequent studies focus on the adsorption strength, electrophysical 






Figure 27: Top view of Sb doped SnO2 (100) surface model with four unique 
adsorption sites highlighted. For clarity, only atoms on the topmost 2 layers 
are shown in (a) and the rest are displayed as lines. Sn atoms denoted in 
grey, oxygen atoms in red and the Sb dopant atom in purple. 
 
 
All four unique adsorption sites as labeled in figure 26 were 
considered and the individual energies calculated as shown in table 9. 
Negative values indicate favorable adsorption and the more negative the 
value the stronger the strength of adsorption. The adsorption strength 
ranged from -0.20 eV to -1.05 eV depending on the adsorption site and the 
average distance between the interacting carbon and oxygen atoms is 1.47 
Å . The short distance between the interacting atoms and the appreciably 
negative adsorption energies suggest that the nature of adsorption is 
mainly chemisorption. In addition, the bond distance between previously 
double bonded carbon atoms were found to lengthen considerably from 
1.35 Å  to approximately 1.50 Å . The increase further confirms that the 
nature of interaction to be chemisorption, where the bond order is reduced 
as electrons from the bonding orbital of cis-butadiene become involved in 





Figure 28: Side view of cis-butadiene adsorbed onto Sb doped SnO2 (100) 
surface. Sn atoms denoted in grey, oxygen atoms in red and the Sb dopant 
atom in purple.  
 
 
Site Eads (eV) dcarbon-oxygen (Å ) dcarbon1-carbon2 (Å ) dcarbon3-carbon4 (Å ) 
1 -0.79 1.46 1.50 1.50 
2 -0.23 1.47 1.50 1.50 
3 -0.20 1.47 1.50 1.50 
4 -1.05 1.46 1.51 1.51 
Table 9: Summary of cis-butadiene adsorption strength corresponding to 
the separation distance of surface oxygen atoms at each adsorption site. 
(Note: cis-butadiene adsorption energy, Eads; average bond distance 
between interacting surface oxygen and carbon from butadiene, dcarbon-
oxygen; average bond distance between carbon 1, carbon 2 of cis-butadiene, 




From table 9, the adsorption energy of cis-butadiene can be further 
differentiated into three distinct tiers. The adsorption on site one is the 
most favorable at -1.05 eV, adsorption on sites two and three are -0.79 eV 
and the rest between -0.20 to -0.23 eV. In particular, the strongest 
adsorption was observed at the site nearest to the antimony dopant and 
gradually weaker with increasing distance away from antimony. These 
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results suggest that antimony doping as a positive effect on cis-butadiene 
adsorption.  
 
In the bader charge analysis performed for cis-butadiene adsorption 
on site four, it was observed that electrons are transferred from cis-
butadiene to the surface atoms. The fact that the adsorbed cis-butadiene 
acts as an electron donor and become slightly positive suggests that 
electrons can now hop from the electron rich nanoparticle surface to a 
positively charged moiety before further hopping to a neighboring 
nanoparticle.  The transfer of electrons from cis-butadiene to the surface 
also serves to increase the charge carrier density of the nanoparticle and 
the overall electrical conductivity of the transparent film made from these 
functionalized Sb doped SnO2 is expected to benefit.  
 
 
6.5: Feasibility of overall reaction 
 
The overall reaction can be viewed as a two part reaction, with the 
first part an adsorption of cis-butadiene on a Sb doped SnO2 nanoparticle 
surface and the second part involves the cross-linking of two adsorbed cis-
butadiene via [2+2] cycloaddition reaction : 
 
Surf + butcis → Surf-butcis        (1) 




where Surf and Surf’ represents two separate Sb doped SnO2 nanoparticle 
surface, butcis represents the cis-isomer of butadiene, Surf-butcis represents 
a cis-butadiene adsorbed surface, and Surf-butcis-butcis-Surf’ represents two 
nanoparticles cross-linked by adsorbed cis-butadiene.  
 
Each component of the chemical equation was geometrically 
optimized and the associated energy was recorded. The adsorption energy 
of reaction (1) is calculated as: 
 
Erxn = ESurf-butcis – ESurf - Ebutcis 
 
where ESurf-butcis is the energy of a cis-butadiene adsorbed surface, ESurf is the 
energy of a Sb doped SnO2 nanoparticle surface, Ebutcis is the energy of cis-
butadiene molecule.  
 
The reaction energy of the [2+2] cycloaddition (2) is calculated as: 
 
Erxn = ESurf-butcis-butcis-Surf’ – 2 x Ebutcis 
 
where ESurf-butcis-butcis-Surf’ is the energy of two cross-linked Sb doped SnO2 
nanoparticle surfaces.  
 
  
The reaction energy of reactions (1) and (2) were calculated based 
on the reactions at site four. This is to determine the feasibility of the 
overall reaction at the most favorable site.  In principle, the [2+2] cross-
linking reaction can be achieved with a single adsorbed cis-butadiene on 
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each nanoparticle and therefore it is important to focus on the overall 
feasibility of the best possible scenario.  
  
The adsorption energy as described in reaction (1) was determined 
to be -1.05 eV on site four. This clearly indicates that the adsorption of cis-
butadiene onto the surface is thermodynamically favorable and the sticking 
probability expected to be high. The large adsorption energy is mainly 
attributed to the formation of strong covalent bonds between interacting 
carbon and oxygen atoms and cis-butadiene adsorb onto the surface. 
Reaction (2) involves the disruption of the   bonds between carbons two 
and three of adsorbed butadiene and the formation of two covalent bonds 
between the interacting carbons. The reaction energy of reaction (2) is 
determined to be -1.21 eV. The negative energy value similarly indicates the 
reaction to be clearly favorable.  
 
 The energy barrier for the cross-linking reaction was not calculated 
because the [2+2] cycloaddition reaction is thermally forbidden and 
calculated values will reflect excessively high energy barrier for the reaction 
to occur. As the reaction is photochemically allowed, we expect the 
cycloaddition reaction to be easily achieved in the presence of appropriate 




6.6: Energy Barrier of cis-butadiene adsorption 
 
As cis-butadiene approach surface oxygen atoms, the electron rich 
sp2 carbons of cis-butadiene are expected to experience to repulsion. 
Therefore, the conversion from the initial physisorption to the eventual 
chemisorption requires cis-butadiene to overcome an energy barrier. 
Sufficient energy is required to be supplied in the form of heat to allow the 
barrier to be overcome and facilitate chemisorption. Therefore, we perform 
a detailed computational study to determine the energy barrier of the 
chemisorption by determining the transition state. Here, we use a method 
known as the linear synchronous transit (LST) and the transition state is 
determined by searching for the highest energy point of a potential energy 
surface between two energy minima. These energy minima are taken to be 
the geometrical optimized structure of physisorbed and chemisorbed cis-
butadiene.   
In this method, the carbon atoms of carbon one and carbon four are 
spatially fixed while all other atoms are allowed to relax completely. By 
modifying the coordinates of the atoms carbon one and carbon four, a 
series of intermediate images based upon the physisorbed and 
chemisorbed structures of cis-butadiene were constructed. Each image was 
separately optimized and their associated energy derived. The relationship 
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between energy and distance from the surface was determined and plotted 
in figure 28 to determine the energy of the transition state, which is 
characterized by the maximum point.  
 
 
Figure 29: Energy diagram illustrating energies associated with adsorption 
of cis-butadiene on Sb doped SnO2.  
 
From figure 29, the forward energy barrier was determined to be 
0.63 eV. The calculated energy barrier is an approximate of the minimum 
energy pathway of the reaction. The energy barrier is expected to be 
smaller than the calculated value due to the spatial constraints imposed 
upon the carbons one and four of cis-butadiene.  
During adsorption, the hybridization of the interacting carbon atoms 
was observed to change gradually from sp2 to sp3. Covalent bonds between 
the interacting carbon and oxygen atoms form as cis-butadiene approach 
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the surface while the   bonds were disrupted and reformed between 
carbons two and three. The energy barrier is not overly large and can be 
easily surmounted under elevated temperatures of a couple of hundred 
degrees Celsius. Such temperatures are not overly harsh and can be easily 
attained under laboratory conditions.  
 
6.7: Cross-linking of cis-butadiene adsorbed nanoparticles  
 
 
Figure 30: Density of States (DOS) of (a) unmodified and (b) cis-butadiene 
cross-linked Sb doped SnO2 nanoparticles 
 
 The density of states (DOS) for both the unlinked and cis-butadiene 
cross-linked Sb doped SnO2 nanoparticles are presented in figure 30. In 
both pure and Sb doped SnO2, the valence band is mainly contributed by 
oxygen and the conduction band contributed by a combination of 
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antimony, tin and oxygen. After cross-linking with butadiene, additional 
contribution from carbon was mainly found near the region between -15 
eV to -11 eV. From the DOS diagrams, an additional peak near the Fermi 
level was observed upon cross-linking. This peak is mainly contributed by 
oxygen and antimony. Crucially this peak appears to play a role in reducing 
the band gap by extending the valence band towards the conduction band.  
In conjunction with the observation that some carbon contribution was 
found in the conduction band, carbon is believed to transfer electrons to 
antimony and oxygen atoms.  
 
 
Figure 31: Density of States (DOS) of (a) unlinked and (b) cis-butadiene 





From the density of states (DOS) for both the unlinked and cis-
butadiene cross-linked Sb doped SnO2 nanoparticles are presented in 
figure 31. After cross-linking with butadiene, the carbon contribution in the 
conduction band region around 2.5 eV was found to diminish while the 
contribution in the regions below the Fermi level appear rearranged and 
increased. This corresponding change is evidence of cross-linking of carbon 
atoms where the previously double bonded carbon atoms become singly 
bonded.  
 
6.8: Improvements to film performance 
 
The adsorption of cis-butadiene onto Sb doped SnO2 nanoparticle 
surfaces have the effect of reducing the distance which electrons need to 
hop from one particle to another. Previously, electrons had to hop from an 
oxygen dominated nanoparticle surface to another. With the adsorption of 
cis-butadiene, electrons may either hop from a nanoparticle surface to the 
cis-butadiene adsorbed on a neighboring molecule or hope incrementally 
from surface to cis-butadiene and cis-butadiene to neighboring 






Figure 32: Surface of two ATO nanoparticles cross-linked by two cis-
butadiene molecules. Grey, red, white, light grey and purple spheres denote 
Sn, O, H, C and Sb atoms respectively. 
 
The reduced distance which electrons hop from nanoparticle surface 
to nanoparticle is expected to promote electron hopping. The shorter 
distance coupled with the fact that adsorbed cis-butadiene is a positive 
moiety, is expected to contribute to significantly higher electron hopping 
rates. And this increase in electron hopping rate is expected to translate to 
improvements in the overall electrical conductivity of films manufactured 
by these functionalized Sb doped SnO2 nanoparticles.  
 
Our findings reveal that the attachment of cis-butadiene onto Sb 
doped SnO2 nanoparticles is thermodynamically favorable even in the 
absence of surface oxygen dimers. The antimony dopant was found to have 
a positive effect on adsorption of cis-butadiene where the adsorptions are 
more favored on sites nearer to antimony. While butadiene can exist in 
either the cis or trans isomer, the Sb doped SnO2 nanoparticle surface was 
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found to be selective only for the cis-isomer and most fortunately, the 
energy barrier for the adsorption is relatively low. In this study, the 
adsorption of side products derived from the reaction of multiple 
butadienes are believed to be negligible. This is because the side products 
formed through the fusion of multiple butadienes have either consumed 
the double bonds required for surface reactions or are large moieties that 
experience significant steric effect near the surface. In addition to being an 
effective chemical binder to increase the uniformity and cohesion strength 
between nanoparticles, cis-butadiene was found to be capable of 
improving electrical conductivity by promoting electron hopping. Bader 
charge studies using a method described by Henkelman et al[25] shows 
that butadiene contributes electrons to the surface and therefore electrical 
conductivity should improve with increased charge carriers. This is further 
supported by analyzing the density of states (DOS) where an additional 
peak near the Fermi level was observed after surface modification. This 
peak is believed to contributed to a reduced band gap and improve overall 
conductivity. The contribution of electrons from carbon and hydrogen 
atoms of butadiene effective creates positively charged points that facilitate 
electron hopping. Prior to modification, electrons have to hop across a 
large distance to reach another nanoparticle and modification creates 
positively charged intermediate steps. The creation of intermediate steps is 
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expected to promote electron movement and improve electron movement 
across particles. Our simulations show that cis-butadiene is an effective 
chemical binder that simultaneously improves electrical conductivity when 
modified nanoparticles are made into a film. It is promising method that 
betters currently available technology to form high quality transparent 
conducting films and further confirmation through experimental validation 




Chapter 7: Conclusion 
In this work, the functionalization of antimony doped tin dioxide 
nanoparticles was explored after achieving thorough understanding of 
both bulk and surface properties. Appropriate models were carefully 
created and repeatedly validated with theoretical and experimental data 
found in literature in order to maintain a high degree of credibility.  
 
The simulations revealed that antimony is predominantly a n-type 
dopant at a doping level of 6.25% in the bulk phase. Crucially, the energy 
levels of tin, antimony and oxygen orbitals in the conduction band were 
found to be very compatible and electrons contributed from antimony are 
expected to travel throughout the material effectively. On the nanoparticle 
surface, antimony was determined to be preferentially located on the 
surface as opposed to the bulk and these results agree very well with 
experimental findings where antimony has been widely reported to 
segregate on the surface of nanoparticles.  
 
 Using oxygen as probes, the electron donor effect of antimony was 
found to be relatively localized. Adsorbed oxygen was found to withdraw 
electrons from the metal oxide surface while water was found to act as an 
electron donor. Hydrogen atoms were found to be effective electron 
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donors.  Mixed and complete monolayer dissociative adsorption of water 
was found to be energetically similar and this suggests that associative 
and dissociative adsorption of water is expected to co-exist, with 
dissociative adsorption being favored at higher temperatures. 
 
 Surface functionalization of nanoparticles was successfully achieved 
by leveraging upon surface hydroxyl groups to react with 
dichloroacetylene to form a pair of triply bonded carbon atoms between 
nanoparticles. The p orbital of carbon was found to overlap well with that 
of oxygen, thereby forming a direct and effective ‘highway’ for electrons 
to flow from nanoparticle to nanoparticle. This carbon bridge is not only 
an efficient pathway for electrons to transfer from nanoparticle to 
nanoparticle but also an effective chemical binder to improve the 
cohesion between nanoparticles.  
 
The [2+2] cycloaddition of surface adsorbed cis-butadiene was 
similarly found to be another feasible method of cross-linking 
nanoparticles. The attachment of cis-butadiene onto antimony doped tin 
dioxide nanoparticles is thermodynamically favorable even in the absence 
of surface oxygen dimers. This is important because this highlights that 
the surface modification strategy is likely to remain effective for a variety 
99 
 
of metal oxides. While butadiene can exist in either the cis or trans isomer, 
the antimony doped tin dioxide nanoparticle surface was found to be 
selective only for the cis-isomer and the energy barrier for the adsorption 
is relatively low. 
 
In addition to being an effective chemical binder to increase the 
uniformity and cohesion strength between nanoparticles, cis-butadiene 
was found to be capable of improving electrical conductivity by 
promoting electron hopping. Prior to modification, electrons have to hop 
across a large distance to reach another nanoparticle and modification 
creates positively charged intermediate steps. The creation of 
intermediate steps is expected to promote electron movement and 
improve electron movement across particles. An additional peak near the 
Fermi level was observed after surface modification and this peak is 
believed to contribute to a reduced band gap and improve overall 
conductivity. 
 
The formation of transparent conductive films from functionalized 
nanoparticles is a promising method that betters currently available 
technology to form high quality transparent conducting films and further 
confirmation through experimental validation is eagerly anticipated. 
100 
 
Chapter 8: Future work 
In this thesis, it is recognized that a breakthrough performance is 
unlikely to be achieved using traditional strategies such as varying doping 
and synthesis methods. The concept of using organic molecules to create 
carbon bridges to link up neighboring nanoparticles is an example of the 
nanoparticle functionalization necessary for low temperature fabrication 
of high performance films.  
 
In continuing to embrace the concept, the work can by furthered 
by setting out to prove that these strategies remain effective on a wide 
variety of metal oxide systems. Prominent metal oxides systems such as 
TiO2 and ZnO based materials could be excellent starting points for more 
work to be conducted.  
 
In addition, more organic molecules should be studied to 
determine a range of molecules capable of functionalizing and improving 
desired material properties. In this work we have studied the effectiveness 
of both conjugated and non-conjugated carbon based molecules in doing 
so. However, the selection of molecules remain constrained by the 
distance between surface oxygen atoms as strong surface binding was 
found to correlate to the distance between interacting carbon atoms in 
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the example of butadiene. It would be interesting to consider and 
evaluate the possibility of an intermediate layer between the metal oxide 
surface and organic molecules so as to achieve a more compatible and 
stronger interaction. This layer could very simply be a single layer of 
molecules such as gaseous oxygen as the distance between oxygen atoms 
in gaseous molecules would differ from that of the surface and open up 
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